The mass dependence of the M3Y-type effective interactions and the effects of tensor correlations are examined. Two-body nuclear matrix elements are obtained by the lowest order constrained variational (LOCV) technique with and without tensor correlations. We have found that the tensor correlations are important especially in the triplet-even (TE) and tensor-even (TNE) channels in order to reproduce the G-matrix elements obtained previously. 
Introduction
The study of inelastic reactions from fundamental nucleon-nucleon interaction has been a major topic for nearly 30 years now following the pioneering G-matrix work of Bertsch and collaborators [1] . In particular their M3Y interaction [1] and its density-dependent versions [2] have shown that one can predict quite unambiguously inelastic scattering from fundamental nucleon nucleon interaction. Because of their semi-microscopic approach, there has been a lot of interest in these interactions by many researchers [3, 4] .
Recently [5] we have produced a similarly motivated potential for A = 16 nuclei which was based on the lowest order constrained variational (LOCV) approach. We have found that our interaction was very similar in the singlet-even, triplet-even, tensor-even and spin-orbit odd channels with those of the M3Y interaction but differed significantly in the singlet-odd, triplet-odd and spin-orbit even channels. It thus appears that the issue of finding precise strengths of interactions in these channels has not yet been settled and still requires some further attention. The validity of using the M3Y interaction for inelastic scattering has been tested in many applications [6] and we believe that it is possible to improve our understanding of inelastic scattering from realistic forces if all the correct ingredients such as finding the precise strengths of the interaction in all angular momentum channels and its mass dependence are considered in a systematic way. Finding these ingredients may not be very easy and may require going beyond the usual 1 non-relativistic two-body approach of nucleon-nucleon forces to include for example, the three-body forces and isobar degrees of freedom. Besides these considerations we must check carefully our models since these quantities may also be model-dependent. For example, in the G-matrix approach, it was found that the triplet-even (TE) matrix elements used in constructing the inelastic potentials depended sensitively on the starting energies [1] . This is a problem of model-dependence whereas in our model, these same quantities depend sensitively on the strength of the tensor correlations. Without tensor correlations we shall show in this paper that we have no agreement in these channels with the G-matrix approach.
Another important consideration is the mass dependence. It is useful to consider the mass dependence of such an interaction in a systematic way while using it on all regions of nuclei. For example, while the M3Y interaction has been very successful in explaining inelastic scattering from fundamental forces, it was constructed for the A = 16 nuclei. One is not sure how it varies with the mass number, A. This last point on mass dependence has been emphasized in the classic work of Wildenthal [7] who found that it was impossible to find a mass -independent two-body effective interaction that could explain all sd -shell nuclei.
The purposes of the present work are two-fold: (i) to extend the work of ref. [5] which was designed for the A = 16 system by including the mass dependence of our potential model for inelastic scattering and (ii) to study the effects of tensor correlations which affects particularly the TE and TNE channels. Other ingredients such as the inclusion of density dependence, addition of three-body forces and isobar degrees of freedom etc could also be considered but we shall leave them out from this paper and consider our approach a first approximation.
The paper is organized as follows: In section 2 we give a brief summary of the method used. In section 3, we define the NN interaction to be constructed. In section 4 we discuss our findings in the present work. The final section is devoted to the conclusion of the paper.
Formalism
In this section we briefly review the LOCV prescription discussed by Irvine and collaborators [8, 9] for obtaining an effective two-body interaction which is adopted for the present work. In this approach the approximation to a non-relativistic nucleon fluid interacting through a two-body potential is first approximated by the Hamiltonian
where V ij is the two-body potential. In the LOCV approach the translationally invariant component of the trial wavefunction is defined as
2 where U is a unitary operator which transforms the system to the centre of mass restframe, leaving us with only intrinsic quantities such that we do not have to worry any further about the spurious centre of mass motion. In eq. (2), F is a symmetric product of two-body correlation functions defined as [9] :
designed to accommodate the effect of the strong repulsion of the nucleon-nucleon interaction, and Φ is a multi-dimensional product of two-body wave functions. The explicit form of f 2 (ij) is given in eqs. (10) - (13) below. Our task is to evaluate the expectation value of the Hamiltonian given by
with the desired accuracy. Due to its multi-dimensional nature, eq. (4) is difficult to calculate and we must make approximations. The cluster expansion technique is the approximating technique we adopt. Here we divide the system into clusters. We evaluate the energy of each cluster starting with the two-body clusters and then sum over all the clusters to obtain the total energy:
To lowest order we minimize the two-body energy term E 2 with respect to the functional variations of the two-body correlation functions such that only two-body cluster terms are important, whereas contributions of E 3 and higher order clusters are made small. This is achieved if the convergence parameter k, defined by the equation below is small [10] ;
where r 0 is the mean nearest neighbour distance, defined from the nuclear radius R such that:
while < ... > signifies channel average, including the tensor operator. This approximation implies that we have accepted to work only with two-body clusters. Thus our E 2 takes the form [10] :
where
is the relative momentum of the two-particle system; M ∼ m N A is the total mass of the nucleus and V ij is taken to be the Reid [11] soft -core potential.
Since the Reid [11] potential has the form:
where in different reaction channels λ, we have the central, spin-orbit and tensor components. For each channel we introduce two-body correlation functions,
with the tensor operator
In studies regarding nuclear matter and finite nuclei [9] , the two-body correlation functions were found to have three features which included the 'wound' induced in the twobody wave function by the repulsive core of the N-N interaction, the tensor correlations especially in the 3 S 1 − 3 D 1 channel and the meson exchange correction. It was found that the most important feature of these was the tensor correlations. Therefore the two-body correlation functions of eq. (10) have been parametrized in the form [10, 12, 13] :
where r c = 0.25f m and β = 25f m −2 . The parameter, α λ (A) represents the strength of the tensor correlations and is non-zero only in the 3 S 1 -3 D 1 and 3 P 2 -3 F 2 channels. It should be noted that this form of correlation functions is clearly an over simplification. In reality correlation functions are highly density-dependent and are different in different tensor channels. Moreover, they are usually obtained from nuclear matter calculations. We have retained this form because of its previous success [9, 10, 12, 13] and because we wish to study the effects of tensor correlations on our model calculations where we have devised a method of switching on and off the tensor correlations.
In order to evaluate matrix elements we work in the harmonic oscillator basis. For our purpose we have picked out only the effective potential energy terms from eq. (8) i.e.,
Here the only parameters appearing in our calculations are; the oscillator size parameter and the strength of the tensor correlations, α λ (A). We shall later present our results with various combinations of these parameters with and without tensor correlations. Furthermore following the procedure of Berstch and collaborators [1] we have separated the relative potential two-body matrix elements into those of various channels. These are the singlet-even (SE) and singlet-odd (SO) channels denoted by 1 S 0 and 1 P 1 respectively. The triplet-even (TE) and the tensor-even (TNE)components were picked from the coupled 3 S 1 -3 D 1 channels. We next define the triplet-odd (TO), tensor-odd (TNO) and the two components of the spin-orbit force ignoring the quadratic term as [14] :
3 The N N Effective Interaction
In this section we define an effective interaction which is suited to calculations of inelastic scattering. We follow the procedure described by Bertsch and collaborators [1] in which the two-body matrix elements are fitted to those of the sum of Yukawa functions with different ranges. The potential is divided into the central (c), spin-orbit (ls) and tensor (t) components as follows:
where the d k are the strengths of the interaction which are determined by fitting the oscillator matrix elements of eq. (16) to our two-body matrix elements of eq. (14) . The ranges k ≤ 4 are chosen to be 0.25, 0.4, 0.7 and 1.414 fm, which are motivated by the one-boson exchanges. Apparently the longest range 1.414 fm corresponds to the one-pion exchange, while the shorter ranges correspond to heavier mesons such as σ, ρ and ω mesons.
Results
The objective of our present paper is to extend the work of ref. [5] in which we defined an effective interaction for inelastic scattering for the A = 16 system. In the present paper we incorporate the mass dependence as well as investigate the effects of tensor correlations on our earlier calculations [5] .
In Table 1 we present the relative two -body matrix elements of the effective interaction for the A = 24 system for the SE, SO, TE, TO, TNE, TNO, LSO and LSE channels. The matrix elements were calculated in a harmonic oscillator basis withhω = 45A −1/3 − 25A −2/3 MeV so thathω takes on the value of 12.7 MeV in this case. Based on our observations in [8, 12] for the sd shell and earlier calculations for the p shell [10] , it was found that α λ (A) is a monotonic decreasing function of the mass number, A and ranges from 0.09 at the beginning of the p shell to about 0.07 for the upper end of the sd shell. When extrapolated to the A = 90 region, it takes the value of about 0.06. Using this information, the calculation is first performed with tensor correlations switched on, i.e. by setting α λ (A) = 0.075 appropriate for the A = 24 system. However, when α λ (A) = 0.0, we have only central correlations. We should observe that the tensor correlations are effective only in the coupled channels such as 3 S 1 -3 D 1 and 3 P 2 -3 F 2 , while the SE and SO channels are not subject to the tensor correlations.
In Table 2 we repeat the same procedure as in Table 1 for the A = 40 system but this time we have used α λ (A) = 0.070 which we found most appropriate for this system withhω = 11.0MeV while for the A = 90 system presented in Table 3 we have used α λ (A) = 0.060 andhω = 8.8MeV based on our observations above.
Central Even Channels
From Table 1 , we notice an interesting result for the TE channel when the strength of the tensor correlations α λ (A) is switched off. With α λ (A) turned off the TE matrix elements are large and positive in our calculation. However, with α λ (A) turned on they become large and negative. For an S-wave ( 3 S 1 ) channel, this attraction is caused by the second order (two pion exchange) contribution with the D-wave ( 3 D 1 ) mixing. The role of the pion in this channel has long been appreciated. Recently, it is emphasized even more in exact calculations of few body systems [15] and in the relativistic mean field theory [16] . The TO, TNO and LSO channels are also affected by the tensor correlations through the 3 P 2 state. The LSE channel is affected by the tensor correlations through the 3 D 1 state, however, these effects are not as dramatic as those observed in the TE channel case. The SE and SO channels are not affected by the tensor correlations as indicated in the table. For the A = 24 system the G-matrix data was unavailable with which to compare our results.
In Table 2 we notice the similar results for the TE channel when the strength of the tensor correlations α λ (A) is switched on or off. Here also our calculated TE matrix elements are large and positive whereas with α λ (A) turned on they are large and negative. These should be compared with the G-matrix results of Hosaka et al. [17] for the A = 40 system. Clearly, with α λ (A) switched on to take the value of 0.075, we obtained a near perfect agreement for our calculated TE matrix elements with the G-matrix result of Hosaka et al. [17] where the difference between the two calculational procedures for each (n ′ ,n) values is less than 12 percent. Also as shown in Table 2 except for the (n ′ ,n)=(2,2) quantum numbers, our calculated SE matrix elements are found to agree with the Gmatrix results of Hosaka et al. [17] to within 25 percent.
In Table 3 for the A = 90 system we notice a similar trend as in Tables 1 and 2 . The same observation for the TE channel is inferred in Table 3 . Here we have used small node quantum numbers to compare our results with the G-matrix results. We notice again that the TE comparison with the G-matrix results is impressive when α λ (A) is switched 6 on. This analysis supports the importance of tensor correlations in effective interaction theories that use correlated basis functions. Therefore in subsequent analysis we shall only be concerned with matrix elements when α λ (A) is non-zero.
Central Odd Channels
As can be seen from Table 2 for the A = 40 system, our calculated SO matrix elements are similar to the G-matrix for the lower node quantum numbers but they become substantially different for higher node quantum numbers where for example, for the (n ′ , n)=(2,2), they differ by over 80 percent. This difference between our calculated matrix elements and the G-matrix results in the odd angular momentum channels persists and can be clearly seen in the TO channel where our calculated matrix elements are positive while the G-matrix results are small and negative. We observe a similar trend to Table 2 in  Table 3 for the A = 90 system.
Tensor Channels
From Table 2 we see that the TNE channels are best represented. In these channel, our calculated matrix elements do not differ from the G-matrix calculations by more than 10 percent except for the (n ′ , n)=(0,0) and (2,2) channels. The TNO matrix elements are also very similar to the G-matrix results with our calculated values slightly smaller than the G-matrix values. In Table 3 we notice a good agreement of our calculated TNE matrix elements with their G-matrix counterparts for the small node quantum numbers. Our calculated TNO matrix elements are also seen to be in good agreement with the G-matrix results.
Spin-Orbit Channels
In these channels, we notice as indicated in Tables 2 and 3 that our calculated LSO matrix elements are in close agreement with the G-matrix values. However, the LSE matrix elements are different from their G-matrix counterparts, although absolute values of the matrix elements are small. Here, the G-matrix results are negative while our calculated matrix elements are all positive. It could be seen that in all channels, the matrix elements are decreasing in absolute values with increasing mass number, A.
Strength of Interactions
We have performed a least squares fit of our calculated two -body matrix elements in the various channels to those of a sum of Yukawa potentials for the central, tensor and spin-orbit forms as given in eq. (16) . These forms are consistent with potentials for inelastic scattering. The selected ranges of 0.25, 0.4, 0.7 and 1.414 fm were theoretically motivated and were chosen so as to ensure the OPEP tails in the relevant channels as 7 well as the short-range part which account for the exchange processes. Our interaction strengths are presented in Tables 4, 5 and 6 for A = 24, 40 and 90 systems respectively. It should be noted that the oscillator matrix elements of the radial components of eq. (16) decrease with increasing A, i.e., with decreasinghω. This is because wave functions extend more as A is increased, while the range of the interaction is finite and fixed. Our observation here is that the major part of the mass dependence of matrix elements is due to the change in the wave function. In order to further study mass dependence of the interaction strength, we need more detailed information of the effective interaction.
Conclusions
The two calculational procedures presented here raise several interesting observations: The first observation is that although there is some model dependence in the calculation of the matrix elements in the TE channels (such as sensitively on the starting energies used in the calculation [1] ), reasonable theoretical methods predict attractive matrix elements through a significant contribution from the tensor correlations. This indicates the importance of the tensor force in the nucleon-nucleon interaction dominated by the one pion exchange.
Secondly, we notice that while the matrix elements calculated in our present method are in excellent agreement with the G-matrix results of, for instance, Hosaka et al. [17] , in most angular momentum channels, there is a problem in fixing the interaction strengths especially in the odd angular momentum channels. This problem was also found in ref. [5] for the A = 16 system. This can be seen in the SO, TO and the LSE channels. In fact, Bertsch and collaborators [1] had to use the set of Elliott [18] matrix elements in the odd angular momentum channels to get a good fit for their M3Y interaction. Hosaka et al. [17] have traced this problem to the fact that because the harmonic oscillator wave function vanishes near the origin for the odd forces, their exist an ambiguity in fitting the G-matrix elements in the odd angular momentum channels.
The calculated matrix elements show an overall decrease in magnitude as we go from A = 24 to A = 90 nuclei through the A-dependence ofhω and with the moderate mass dependence of the strength of the tensor correlations α λ (A). We have calculated the strengths of our interaction for A = 24, 40 and A = 90 nuclei as reported here. Since these depend on the mass number A, It will be interesting to see if this mass dependence may affect calculations based on this interaction.
Thus, apart from the necessary inclusion of the density dependence and other effects in effective two-body interactions, one should not ignore perhaps the mass dependence and the model dependence in such calculations in a systematic way.
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